Atomic force microscopy and Kelvin probe experiments are applied to characterize hydrogen terminated patterns contacted with gold and aluminum on (100) diamond surfaces. On hydrogen terminated diamond the work function of 4.9 eV is detected, with an accuracy of about 0.1 eV.
Diamond is a wide band gap semiconductor with electronic properties that can be varied from insulating (intrinsic diamond) to conductive using boron (p-type) or phosphorous (ntype) doping. In addition to these bulk properties a high surface conductivity has been detected by Landstrass and Ravi [1] on as grown hydrogen terminated diamond surfaces. This is generated by hydrogen termination of the surface which is obtained by exposing diamond at 500 − 850
• C to a hydrogen plasma or atomic hydrogen generated by a catalytic process. Besides p-type surface conductivity hydrogen induces a negative electron affinity and hydrophobic surface properties. The negative electron affinity is a result of the C-H dipole at the surface. The nature and origin of the p-type conductivity is up to now not understood. Some theories have been proposed varying from hydrogen induced surface acceptors [2] to an acceptor subsurface region created by incorporation of hydrogen [3] or even to a buried acceptor layer [4] .
Recently, the surface conductivity was shown to be strongly affected by atmospheric adsorbates [5] on the surface of hydrogen terminated diamond. A hole accumulation layer in the valence band is generated by out-diffusion of electrons. It has been argued that adsorbates act as a sink for electrons. Up to now, however, little is known about the details of this phenomenon.
In this paper we discuss results deduced by spatially resolved Kelvin probe experiments.
To explore the surface Fermi energy gold and aluminum contacts have been evaporated on hydrogen terminated diamond surfaces. The gold layer is used for calibration of the Kelvin probe. We also show that the Fermi level at the hydrogen terminated diamond surface is affected by illumination.
Two types of samples were used in this study. Sample I was a diamond layer of 300 nm thickness, which was grown epitaxially on a (100) diamond substrate. For the growth a hot filament process was used, which generates a hydrogen terminated surface (1.2% dilution of CH 4 in H 2 , 1200
• C tungsten filament temperature, 690
• C sample temperature, 6 mm filament-sample distance, pressure 50 mbar, gas flow 100 sccm). Sample II was a (100) diamond hydrogenated for 30 minutes in a microwave plasma at 40 Torr, 800 W, and the sample temperature of 850
• C. After switching off the plasma the sample has been cooled down to room temperature in hydrogen atmosphere.
Separate hydrogen terminated patterns on the diamond surface have been realized by oxygen plasma treatment through photolithographic masks. For instance, a stripe has been manufactured on sample I and a cross-like pattern on sample II. We used thermally evaporated gold for ohmic and aluminum for Schottky contacts to hydrogen terminated parts of the surface.
Ambient atomic force microscope (AFM) was employed to characterize geometric properties of the diamond surface. To measure surface morphologies the AFM was operated in contact mode. At the same place, images of contact potential difference (CPD) were acquired in non-contact mode using lift-mode technique of Kelvin probe microscopy (KPM) [6] . The tip-surface separation during CPD detection was ≈ 10 nm. A doped silicon cantilever was used on sample I while a PtIr5 coated cantilever was used on sample II for comparison.
The resulting three-dimensional morphology of sample I is shown in Fig. 1(a) . Hillocks on the diamond surface are a result of epitaxial regrowth. With AFM no difference between hydrogen terminated and oxidized diamond can be detected. The edge of the gold contact along the left border is, however, clearly revealed . The white line indicates the scan position of the spatial profile shown in Fig. 1(b) . The three-dimensional image and spatial profile of the contact potential difference at the same place are displayed in Figs. 1(c) and (d).
The hydrogen terminated part of the diamond surface is clearly detected. It is the region brightness of which is similar to that of the gold layer whereas the dark areas are the oxidized diamond parts. The contrast between oxygen and hydrogen terminated surface was independently corroborated by detection of secondary electron emission in a scanning electron microscope which is shown in Fig. 2 .
For sample II, the three-dimensional morphology with aluminum and gold contacts is shown in Fig. 3(a) . White lines indicate AFM line scans across aluminum (1) and gold (2) which are shown in Fig. 3(b) . Corresponding three-dimensional image and spatial profiles of contact potential difference at the same place are displayed in Figs. 3(c) and (d) .
In spite of different CPD values due to use of silicon or metal coated cantilevers, the CPD spatial profiles show that work functions of gold contact and hydrogenated diamond are identical on both samples. The reference work function of our gold contacts was found at 4.9 ± 0.1 eV by photoyield experiments. This value is in a reasonable agreement with 5.0 eV reported in literature for polycrystalline gold [7] . Thus we can deduce a Fermi energy in the hydrogen terminated diamond surface about 4.9 eV below the vacuum level.
The accuracy of this number is mostly determined by the reference work function of the gold contact. Although due to an inhomogeneity of a tip coating the CPD can also be a function of tip-sample distance in KPM [8] On the oxygen terminated surface, the Fermi level is difficult to deduce from relative CPD values due to very high resistivity of both the surface and the bulk material.
Note that negative electron affinity of -1.3 eV was obtained for a clean, hydrogen terminated diamond surface in vacuum. Exposure to air may influence this value and it is a matter of ongoing research [10] While the surface potential of hydrogen terminated surface is same as the one of gold, aluminum exhibits a large difference of 0.6 eV. Using gold as a reference this results in aluminum work function of 4.3 eV. The work function slightly larger than the reported value of 4.1 eV [7] can be attributed to a formation of aluminum oxide in ambient conditions. The contact potential difference between the cantilever and the hydrogen terminated surface is also susceptible to illumination. Fig. 4 demonstrates this effect on a hydrogenated part of sample II. In the course of CPD scanning the sample was in dark at first (left). After a 1 µm scan the sample was exposed to ambient light (middle). This results in a decrease of CPD by 75 mV. Additional illumination by a halogen light results in a further decrease by 135 mV (right). We assume that photogenerated carriers are separated in the electric field of the surface band bending, which causes an increase in hole density and therefore a 4 shift of the Fermi level further into the valence band. Namely by 0.2 eV in the case of the halogen illumination. This effect is referred to as surface photovoltage [12, 13] .
To summarize, oxygen plasma treatment was applied to prepare microscopic hydrogen terminated patterns of hydrogen terminated (100) 
